Spina bifida (SB) is a complex disorder of failed neural tube closure during the first month of human gestation, with a suspected etiology involving multiple gene and environmental interactions. GPR161 is a ciliary G-protein coupled receptor that regulates Sonic Hedgehog (Shh) signaling. Gpr161 null and hypomorphic mutations cause neural tube defects (NTDs) in mouse models. Herein we show that several genes involved in Shh and Wnt signaling were differentially expressed in the Gpr161 null embryos using RNA-seq analysis. To determine whether there exists an association between GPR161 and SB in humans, we performed direct Sanger sequencing on the GPR161 gene in a cohort of 384 SB patients and 190 healthy controls. We identified six rare variants of GPR161 in six SB cases, of which two of the variants were novel and did not exist in any databases. Both of these variants were predicted to be damaging by SIFT and/or PolyPhen analysis. The novel GPR161 rare variants mislocalized to the primary cilia, dysregulated Shh and Wnt signaling and inhibited cell proliferation in vitro. Our results demonstrate that GPR161 mutations cause NTDs via dysregulation of Shh and Wnt signaling in mice, and novel rare variants of GPR161 can be risk factors for SB in humans.
Introduction
Neural tube defects (NTDs) are the second most common structural birth defect in humans, with a post-folate fortification prevalence of 0.3-1 per 1000 live births in the USA (1, 2) . NTDs result from the failure of neural tube closure (NTC) during neurulation in early embryonic development. Typically we observe three NTD subtypes: anencephaly, spina bifida (SB) and craniorachischisis, depending on the region of brain and spinal cord that failed to close (3) . NTC is the developmental process used to form the neural tube, starting with the elevation and bending of the neural plate towards the dorsal midline. The process is completed when the neural folds elevate, bend and fuse in the midline, closing the tube to form the nascent brain and spinal cord. It is a highly complex process, and several cellular events including cell proliferation, movement (convergent extension), differentiation and patterning occur in a spatiotemporal fashion within neuroectodermal, non-neuroectodermal and mesodermal tissues to create and close the neural tube (4) .
The etiology of human NTDs is multifactorial, including genetic and environmental causations or combinations thereof (5, 6) . As the genetic factors are known to contribute significantly to the population burden of human NTDs (7) (8) (9) , a large number of NTD candidate genes were identified using current advanced sequencing techniques. Mutants in over 300 genes were found in mouse NTD models (10, 11) , and they are highly clustered on the developmentally relevant signaling pathways, including folateone carbon metabolism, Wnt-PCP, Sonic Hedgehog (Shh), bone morphogenetic protein (BMP) and retinoic acid (RA) signaling pathways (5) .
The Shh signaling pathway involves the patterning of the dorsoventral axis in the neural tube and bending of the neural plate during early stages of NTC (12) (13) (14) . Shh is secreted from the notochord and floor plate to initiate the patterning of the ventral neural tube, whereas Wnt and BMP are secreted from the dorsal roof plate of the neural tube (15) . Those mutant mice with increased Shh signaling are primarily associated with NTDs, primarily due to the ventralized neural tube patterning, whereas the loss of Shh signaling typically does not cause NTDs in mouse models (13) . For instance, the depletion of the negative regulators of Shh signaling such as Pka or Tulp3 caused exencephaly or widened posterior neuropores in mice (16, 17) . However, the Shh and Smo loss of function mutant mice did not express any NTD phenotypes (13) . As the input of Shh signaling is tightly connected to the primary cilia, those genes related to ciliogenesis, such as kinesin motor proteins, intraflagellar transport proteins (13) or Fuz (18) , also regulate the activity of Shh signaling, and several of these mutant mice do present with NTDs (13, 19) .
Single nucleotide polymorphisms (SNPs) in the negative regulators of Shh signaling, such as SUFU, PTCH1 and PKA, were identified in select SB patients (20) (21) (22) (23) , suggesting that the activation of Shh signaling might well be pathogenic and contribute to the etiology of human NTDs. However, the genetic information on Shh signaling variants in human NTD cohorts has not yet been extensively investigated.
Gpr161 was first identified from a vacuolated lens hypomorphic mutant mouse, which encodes a C-terminal tail deletion mutation of an orphan G-protein coupled receptor (GPCR).
Gpr161
vl mice present with lumbar-sacral SB, as well as embryonic lethality, and all surviving Gpr161 vl adult mice have congenital cataract (24) . Recently, it was suggested that Gpr161 vl regulates Wnt and RA signaling during neurulation in Gpr161 vl mutant mice (25) . Mukhopadhyay et al. (26) reported that Gpr161 is a ciliary GPCR and a negative regulator of Shh signaling. It is trafficked to the primary cilia in a Tulp3/Intraflagellar complex-A-dependent manner, and it regulates Gli3 processing in a PKAdependent fashion (26) . Depletion of Gpr161 causes rostral and caudal NTDs in the mouse, which is believed to have resulted from the ventralized neural tube patterning due to increased Shh signaling (26) . However, the genetic association between GPR161 and human NTDs has not yet been carefully evaluated. Herein, we identified novel rare variants of GPR161 from SB infants and determined their functional relevance in the Shh and Wnt signaling pathways, utilizing the Gpr161 mutant mouse and animal cell culture models.
Results

The NTD phenotypes of Gpr161 knock out (KO) embryos and their transcriptomic analysis
We observed that the Gpr161 KO embryos presented with open fore/mid/hind brains and extensive craniofacial abnormalities, widely open posterior neuropores and branchial arch defects at E9.5 ( Fig. 1A-F) . The somite numbers were similar between WT and KO embryos (data not shown), suggesting that the open rostral and caudal neural tube was not the result of developmental delay in the KO embryos. Among the 16 litters we observed, all 25 Gpr161 KO embryos showed NTD phenotypes, whereas 32 WTs and 71 Hets were grossly phenotypically normal ( Table 1 ). The expression of Gpr161 was significantly diminished in the Gpr161 KO embryos, whereas the expression of Ptch1 and Gli1 was increased in these embryos (Supplementary Material, Fig. S1 ), demonstrating increased Shh signaling activity when Gpr161 is inactivated in embryos.
To identify any differential gene expression underlying abnormal phenotypes in Gpr161 KO embryos, we performed an RNA-seq analysis with three WT and three Gpr161 KO embryos at E9.5. The RNA-seq assay revealed a total of 4460 upregulated genes and 732 downregulated genes in Gpr161 KO embryos when compared to WT embryos ( Fig. 1G and Supplementary Material, Fig. S2 ). Target genes Ptch1, Ptch2, Hhip1 and Gli1 in the Shh signaling pathway were all upregulated more than 2-fold, and several genes in Shh signaling, including Shh, Gli3 and Gas1, were dysregulated as well (Table 2) . Consistent with the ventralized neural tube patterning in Gpr161 KO embryos (26) , the expression of select transcription factors (Foxa2, Nkx6.1, Nkx2.2 and Olig2), which are primarily expressed on the ventral aspect of the neural tube, was upregulated. In contrast, the expression of Pax6, Pax7 and Lbx1, which are expressed in the dorsal aspect of the neural tube, was significantly downregulated (Supplementary Material, Table S1 ).
The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis was performed for functional enrichment identified genes in novel pathways (Neuroactive ligand-receptor interaction, cytokine-cytokine receptor interaction, Calcium signaling pathway, proteoglycans in cancer, Axon guidance, cGMP-PKG signaling pathways, pertussis), as well as genes in known pathways related to Gpr161 (cAMP signaling pathway, pathways in cancer and cell adhesion molecules) (Supplementary Material, Fig. S3 ).
In addition, we identified several dysregulated genes in the Wnt signaling pathway in Gpr161 KO embryos (Table 2 and Supplementary Material, Fig. S3 
GPR161 rare variants were identified in SB infants
To examine the association of GPR161 mutations in the etiology of human NTDs, we sequenced 384 newborn screening bloodspot-derived DNA samples from SB infants and 190 bloodspot DNA samples from non-malformed control infants ascertained by the California Birth Defects Monitoring Program (CBDMP). Five rare variants (minor allele frequency < 1%) (p.Val7Ile, p.Trp202Gly, p.Leu428Phe, p.Ala329Val and p.Ser282Pro) of GPR161 were identified from SB infants that were never observed in control infants (Table 3 and  Supplementary Material, Table S2 ), and three of the variants were not found in publicly available databases such as dbSNP, EVS, ExAC and GnomAD. Of these variants, two (p.Trp202Gly and p.Leu428Phe) were predicted as probably damaging in PolyPhen and/or SIFT. The p.Leu19Gln variant, which was predicted as probably damaging in PolyPhen, was found in an SB infant, as well as in a control infant. All six rare variants from the control group of infants were found in the ExAC database. Five of them were predicted as synonymous or benign by PolyPhen or SIFT, whereas one of them (p.Thr413Ser) was predicted as possibly damaging or deleterious. The p.Trp202Gly and p.Leu428Phe variants are novel, and their amino acids substitutions were predicted to affect GPR161 functionality, thus these became the focus of our studies. Both tryptophan (Trp) amino acid at position 202 and leucine (Leu) amino acid at position 428 of the GPR161 protein are evolutionarily conserved ( Fig. 2A) . The p.Trp202Gly variant localizes in the second extracellular loop of GPR161 (Fig. 2B) . The amino acid substitution of Trp to glycine (Gly) loses two aromatic side chains, although both have non-polar characteristics. The p.Leu428Phe variant sits in the C-terminal intracellular tail region of GPR161 (Fig. 2B) . The amino acid substitution of Leu to phenylalanine (Phe) did not change their non-polar and hydrophobic characteristics, although Phe has a benzyl side chain, whereas Leu does not.
The functional effects of GPR161 variants identified in NTDs
Increased Shh signaling activity contributes to the etiology of NTDs in Gpr161 KO embryos, and the ciliary localization of GPR161 might be critical for its inhibitory effect on Shh signaling. Therefore, we evaluated the ciliary localization of the GPR161 rare variants. We initially checked the protein expression of WT and variants of GPR161 to rule out the possibility that the effect resulted from a differential protein expression level. The protein amount expressed from WT or the six variants of GPR161 identified in our studies did not differ significantly in 293T cells, which are widely used for overexpression assays as they are cilited (27) (Fig. 3A) . The rationale to select the four variants to test their ciliary localization was based on the following criteria: 1) they are novel variants found only in SB infants; 2) two of the variants (p.Trp202Gly and p.Leu428Phe) are predicted to be probably damaging from PolyPhen/SIFT. The ciliary localization of the p.Trp202Gly variant was dramatically decreased 7 The variants which were not identified in ExAC database were highlighted in bold font.
compared to WT, while that of p.Leu428Phe variant was only slightly decreased. The p.Val7Ile and p.Ala329Val variants did not change their ciliary localization compared to WT (Fig. 3B) . Intriguingly, while the p.Trp202Gly variant was, for the most part, not localized in the primary cilia, the formation of cilia was not affected by this variant (Fig. 3B ). This suggests that the p.Trp202Gly variant did not adversely affect ciliogenesis. The ciliary localization of GPR161 impacts its regulatory function in Shh signaling. As such, we next examined how GPR161 variants regulate Shh signaling activity using the Gli responsive luciferase (Gli-Luc) (28) reporter system in the presence of WT GPR161. The p.Trp202Gly variant further activated Smoothened Agonist (SAG)-induced Gli-luc activity, whereas WT and p.Leu428Phe variant inhibited it. In addition, p.Trp202Gly variant slightly activated Gli-luc activity without SAG treatment (Fig. 3C) . This result suggests that p.Trp202Gly variant adversely regulates Shh signaling activity compared to WT-GPR161.
Clearly Wnt signaling is regulated in the Gpr161 vl mutant mouse NTD model (25) , and our transcriptome data also revealed the involvement of Wnt signaling during neurulation in Gpr161 KO embryos. Hence, we further investigated the role of GPR161 rare variants in Wnt signaling. WT-GPR161 overexpression increased TOPFLASH reporter activity ( Fig. 3D and Supplementary Material, Fig. S4A ), which represents Wnt signaling activity by measuring the T Cell Factor (TCF)-dependent transcription activity. In contrast, both p.Trp202Gly-GPR161 and p.Leu428Phe-GPR161 rare variants did not activate TOPFLASH activity (Fig. 3D) . The role of GPR161 in Wnt signaling was further supported by the GPR161 knockdown experiment (Supplementary Material, Fig. S4B ) and the measurement of target gene expression (Axin2 and c-myc) in Gpr161 WT and KO embryos (Supplementary Material, Fig. S4C ). The results suggest that WT-GPR161 activates basal Wnt signaling, whereas the two rare variants (p.Trp202Gly and p.Leu428Phe) do not. As GPR161 is known to regulate cell proliferation in several cancer cell types (29, 30) and the cell proliferation in Gpr161 KO mouse embryonic fibroblast (MEF) cells was reduced (Supplementary Material, Fig. S5 ), we investigated the role of two GPR161 rare variants with respect to cell proliferation. To measure the kinetics of cell proliferation, we performed the bromodeoxyuridine (BrdU) incorporation assay. Both p.Trp202Gly-GPR161 and p.Leu428Phe-GPR161 rare variants reduced the numbers of BrdU positive cells compared to WT (Fig. 3E) , indicating that the two GPR161 rare variants adversely impact cell proliferation.
Discussion
Two Gpr161 mutant mouse models have been previously described (24, 26) , including the Gpr161 vl and Gpr161 KO mice.
Both Gpr161 vl and Gpr161 KO mouse models are associated with an increased prevalence of NTDs via downregulation of RA and Wnt signaling and increased Shh signaling, respectively. Our transcriptome analysis revealed that several genes of the Shh signaling pathway were upregulated, whereas genes encoding the secreted Wnt ligands were downregulated in the Gpr161 KO embryos (Table 2 ). This result is consistent with previous observations as Shh signaling is involved in the patterning of the ventral neural tube, while Wnt and BMP signaling regulates dorsal neural tube patterning (31) . In addition, the Gpr161 KO embryos had smaller heads, specifically at the rostral portion of the neural tube (Fig. 1A-F ), compared to WT embryos. This is an indication of the apparent dysregulation of cell proliferation or apoptosis in the developing neural tubes of the mutant embryos. Taken together, our results and studies by others suggest that there might be underlying cellular dysregulation involving Shh and Wnt signaling for the expression of the NTD phenotypes observed in the Gpr161 mutant mice. Although two Gpr161 mutant mouse models are well known to be associated with NTD phenotypes, any genetic association and knowledge of the underlying molecular mechanism of GPR161 in the etiology of human NTDs remains lacking. We have now identified three novel rare variants of GPR161 in human SB infants that were not observed in a control group of infants without congenital malformations, nor do they exist in any database, including ExAC and GnomAD. Two (p.Trp202Gly and p.Leu428Phe) of the novel variants were predicted to be damaging based on in silico analysis. We also identified a rare variant (p.Leu19Gln), which is predicted to be damaging, with conflicting interpretations of pathogenicity recorded in the ClinVar database in both cases and controls (32). Only one rare missense variant (p.Thr413Ser) was identified in our control cohort that was not observed in any SB infants. Although it was predicted to be deteterious by both SIFT and PolyPhen, it has a frequency of 1.23 × 10 −5 in gnomAD database, which indicates that this variant may not disturb normal NTC in human populations.
Functional analyses of the GPR161 rare variants identified in our human NTD cohorts support the hypothesis that dysfunctional Wnt and Shh signaling underlie the pathogenic mechanisms associated with this gene. The mislocalization of p.Trp202Gly Single Nucleotide Variant (SNV) in the primary cilia could lead to the increased Shh signaling activity, potentially creating the ventralized neural tube patterning and resulting in NTDs. Although ciliary localization of p.Trp202Gly was significantly decreased, its dysregulation of Shh and Wnt signaling activity is moderate (Fig. 3) . These results further suggest the decreased ciliary localization of p.Trp202Gly may impact other signaling pathways. As the p.Trp202Gly variant does not locate within the ciliary localization signal within the third intracellular loop (26), it does not cause the mislocalization observed in the p.Trp202Gly variant. Rather, p.Trp202Gly variant might be less stable at the cell surface due to the amino acid substitution at the third extracellular loop that is critical for proper agonist binding or receptor activation, as is commonly observed for GPCRs (33) .
In addition, the p.Leu428Phe SNV differentially regulates Shh and Wnt signaling, whereas the p.Trp202Gly SNV showed similar adverse effects on both signaling pathways. These data suggest that p.Trp202Gly SNV and p.Leu428Phe SNV might adversely impact NTC by differentially regulating Shh and Wnt signaling. Intriguingly, the dysregulation of cell proliferation by the two SNVs was more relevant to the change of Wnt signaling than that of Shh signaling (Fig. 3D and 3E ). This data suggests that Gpr161 regulated cell proliferation might be co-mediated by Wnt signaling. It remains to be determined just how the other cellular processes, such as apoptosis and/or differentiation, are regulated by these SNVs. Furthermore, how Shh and Wnt signaling are interregulated during NTC process remains an unresolved question.
Disruption of ciliogenesis appears to be associated with the etiology of NTDs in both humans and in mice. For example, Fuz mutant mice with NTDs were found to have too few or shortened primary cilia (18) , and the FUZ SNVs identified from human SB patients also affected ciliogenesis in vitro when examined using functional assays (34) . However, GPR161 SNVs (p.Trp202Gly and p.Leu428Phe) do not affect ciliogenesis, rather, they are either mislocalized or less densely localized in the primary cilia. A previous report (26) also supports the finding that Gpr161 KO MEF cells did not differ with respect to ciliogenesis from WT MEFs. Taken together, mislocalization of Shh signaling molecules in primary cilia, as well as the dysregulated ciliogenesis, causes abnormal Shh signaling activity, which results in abnormal NTC during neurulation.
In this study, we identified novel rare SNVs of GPR161 in human SB patients and characterized the functional role of two GPR161 SNVs on Shh and Wnt signaling and cell proliferation. Our transcriptome analysis further supported the involvement of these signaling pathways during neurulation in Gpr161 KO embryos. A lack of familial genetic information was a limitation of this study, a limitation which could be remedied in future studies interrogating affected-NTD trios to better understand the genetic origins of GPR161 SNVs. Finally, the functional role of GPR161 in Wnt signaling during neurulation appears to be a promising area for future investigations based on our transcriptomic and functional data.
Materials and Methods
Human subjects
Human newborn screening bloodspot samples were collected from a case-control study conducted by the CBDMP (35) . Included for this study were 384 singleton infants with SB (cases) and 190 non-malformed infants (controls) born during the period of 1990-1999. Case and control infants were linked to their newborn bloodspot. DNA was extracted from bloodspot using the Puregene DNA Extraction Kit (Qiagen, Valencia, CA) and amplified using the GenomiPhi Kit (GE Healthcare, Marlborough, MA). All samples were obtained with approval from the State of California Health and Welfare Agency Committee for the Protection of Human Subjects. This study was approved by University of Texas at Austin (IRB approval number: 2014120041).
DNA Resequencing of GPR161
The genomic structure of human GPR161 was determined using the NCBI GenBank and Ensemble (NM 001267609/ENST00000537-209). The coding region of GPR161 was amplified by polymerase chain reactions (PCRs) using primers flanking exon-intron junctions. Primer sequences are presented on Supplementary Material, Table S3 . The PCR products were sequenced using the Prism Bigdye Terminator Kit (v3) on an ABI 3730XL DNA analyzer (Life Technologies, Carlsbad, CA). Both case and control samples were sequenced with either a specific forward or reverse primer, except for Exon4, which was sequenced with both primers from forward direction and reverse direction. The detected variants were confirmed by repeating the PCR and resequencing from both directions.
Mouse strains
Gpr161 knockout mutant mice were generated by Dr Saikat Mukhopadhyay (UT Southwestern, Dallas), and the detailed information was previously reported (36) . All mice were housed and handled according to the guidelines approved by the Institutional Animal Care and Use Committee of The University of Texas at Austin. The genotypes of mice and embryos were evaluated with PCR-based genotyping (36) .
RNA extraction and quantitative RT-PCR (qRT-PCR)
Total RNA was extracted with Trizol reagent (Sigma, St. Louis, MO) from Gpr161 embryos at E9.5. For qRT-PCR, 1 ug of RNA was used to synthesize cDNA using iScript reverse transcription Supermix kit (Bio-Rad, Hercules, CA). The qRT-PCR was performed using SsoAdvanced TM Universal SYBR ® Green Supermix 
RNA sequencing analysis
Total RNA was extracted with Trizol reagent (Sigma) from Gpr161 embryos at E9.5. The concentration and integrity of the RNA was measured by Nanodrop (Thermofisher, Waltham, MA) and Bioanalyzer (Agilent Technologies). The library was prepared with NEBNext Ultra RNA with Poly-A selection and was sequenced on an Illumina Hi-Seq 4000 (Admera Health LLC, South Plainfield, NJ). The differential gene expression was determined with fold change >1.5 and P < 0.05 genes with <1 count per million. Any gene with a P-value greater than False Discovery Rate (FDR), after Benjamini-Hochberg correction for multi-testing, was deemed significantly differentially expressed in the test condition as compared to the control. The data set was analyzed by the KEGG.
Plasmids
HA-tagged human GPR161 clone was purchased from Genecopoeia. EGFP-tagged human GPR161 was cloned into p-EGFP-N1 vector with XhoI/BamHI. The mutations of GPR161 with GPR161-HA and GPR161-GFP were generated using QuickChange Site-Directed mutagenesis kit (Agilent, Santa Clara, CA). GPR161 shRNA was purchased from Genecopoeia, Rockville, MD, (Catalog number: HSH069156-CH1). Gli-luciferase and SV40-Renilla plasmids were kindly provided from Xiaoyan Zheng (37) (Georgetown University, Washington DC). TOPFLASH and pTKRenilla plasmids were obtained from Addgene (Cambridge, MA).
Immunocytochemistry
NIH3T3 cells were plated onto the cover glass and were transfected with GPR161-EGFP constructs using TransIT X2 (Mirus, Atlanta, GA). For primary cilia staining, cells were serum-starved for 24 h before fixation. The cells were fixed and stained with anti-acetylated α-tubulin (Sigma) and anti-mouse DyLight 650 antibodies. The images were obtained with a Leica Confocal Microscope (Leica, Buffalo Grove, IL).
Western blot analysis
293 T cells were transfected with GPR161-HA (WT or variants) constructs using Lipofectamine 2000 (Invitrogen, Waltham, MA).
The cells were lysed with digitonin lysis buffer as described (38 
Luciferase assay
C3H10T1/2 cells were transfected with Gli-Luc and SV40-Renilla plasmids along with GPR161-HA (WT or mutants) using Lipofectamine LTX (Invitrogen). 293 T cells were transfected with TOPFLASH and pTK-Renilla plasmids along with GPR161-HA (WT or mutants) using Lipofectamine 2000 (Invitrogen). The cells were lysed 48 h post-transfection, and the luciferase activity was measured using a Dual Luciferase Assay Kit (Promega, Madison, WI). The Biotek-2 plate reader was used to read the luminescence activity.
BrdU incorporation assay
The Gpr161 KO MEF cells were isolated from E10.5 Gpr161 KO embryos. The cells were plated on the cover glass and were transfected with GPR161-EGFP (WT or mutants) constructs using TransIT X2 (Mirus). The cells were treated with 20-μM BrdU for 12 h, were fixed and were stained with anti-BrdU and anti-mouse DyLight 650 antibodies. The images were captured by All-InOne Fluorescence microscope (Keyence, Itasca, IL) and up to 80 cells of GPR161-EGFP expressed cells were counted from three independent experiments for the quantitation.
Statistical analysis
To evaluate the genotyping frequencies in Gpr161 KO mice, we performed Hardy-Weinberg Equilibrium analysis and a X 2 value was calculated. The data was analyzed by the Standard Deviation with student t-test for comparing groups.
Supplementary Material
Supplementary Material is available at HMG online.
